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Abstract 
Gas cluster ion beam (GCIB) shows unique irradiation effects such as surface smoothing, surface analysis, shallow implantation, 
surface smoothing, and thin film formations. Upon GCIB impact, dense energy is deposited on surface layer while energy/atom 
of GCIB is low. One of the unique characteristics of GCIB is the enhancement of chemical reactions without heating the 
substrates. When reactive GCIBs are used, high-rate etching of various materials is expected. Not only reactions between 
molecules in the cluster and target atoms, but also chemical reactions between target atoms and the adsorbed gas on target are 
enhanced. In this paper, advancement of GCIB process by chemically enhanced surface modification and etching is reported. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014. 
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1. Introduction 
Low-energy ion beam process is one of the key processes for nano-fabrications. We have developed the gas 
cluster ion beam (GCIB) process in order to realize extremely low-energy ion beams [1,2]. A gas cluster is an 
aggregate of a few to several ten thousands of atoms or molecules [3]. Since the kinetic energy of an atom in a gas 
cluster is equal to the total energy divided by the cluster size, equivalently high-current and low-energy ion beams 
are expected. In the point of energy deposition, creation of dense energy region in a local area is an important 
characteristic of GCIB irradiation [4]. At the bombarded area, GCIB induces multiple collisions between target and 
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cluster atoms near the surface, which is the origin of enhancement of chemical reactions, sputtering and secondary 
ion emissions [5-7]. With these characteristics, GCIB is used as directional energetic reactive beams. So far, 
reactions between reactive molecules in a cluster (such as SF6 or O2) and target atoms have been mainly investigated 
[8]. Not only reactions between reactive cluster ions and target atoms, but also chemical reactions among the target 
atoms, molecule in a cluster and the adsorbed gas on target surface are enhanced by GCIB irradiations.  
Recently, etching of organic materials with GCIB attracts many attentions for low-damage depth profiling, 
secondary ion mass spectroscopy (SIMS) or surface cleaning [9, 10]. In general, higher ion current and higher 
etching rate can be obtained by applying a high voltage for GCIB acceleration. However, if the energy of GCIB is 
too high, GCIB irradiation may induce damages on organic materials. In this study, high-rate and low-damage 
etching of organic material (PMMA) with Ar-GCIB in water vapor ambient will be reported.  
Not only organic materials, this technique can be used for metals. When acetic acid vapor was supplied during 
O2-GCIB irradiation on Cu, etching enhancement was observed. In this study, effects of acetic acid vapor during 
GCIB irradiation on Cu was investigated with in-situ XPS analysis, and an etching model was proposed.  
2. Experiments 
Figure 1 shows the GCIB equipment with an XPS analysis system. Neutral Ar or O2 cluster beams formed with a 
nozzle were ionized by electron bombardments in the ionizer. Subsequently, ionized gas clusters were accelerated 
by voltages (Va) between 5 and 30 kV. The average cluster size with this GCIB source was between 1000 and 3000 
atoms/cluster. After acceleration, monomer ions were removed with a permanent magnet. Then, GCIB passed 
through a differential pumping chamber into the irradiation chamber. In the irradiation chamber, an Ar ion gun, a 
residual gas analyzer and a variable leak valve to introduce an ambient gas (acetic acid, and water vapor) were 
mounted. The target materials were PMMA substrates and electroplated Cu films on Si. After GCIB irradiation, the 
etching depths and surface morphologies were measured with a contact surface profiler and atomic force microscope 
(AFM). For XPS analysis, the irradiate samples were transferred to XPS analysis chamber (JEOL JPS-9010MX) 
with a transfer rod for XPS analysis without exposure in air. Prior to GCIB irradiation, surface cleaning or removal 
of native oxide was carried out with 500 eV Ar+. 
Fig. 1. Schematic diagram of GCIB system connected to XPS analysis chamber 
3. Results 
3.1. PMMA etching by Ar-GCIB with water vapor 
At first, etching enhancement by GCIB irradiation with water vapor was investigated for PMMA. In order to 
satisfy both high etching rate and low-damage irradiation, water vapor was supplied during GCIB irradiation on 
organic materials. Figure 2 shows acceleration voltage dependence of etching depth of poly-methyl methacrylate 
(PMMA) with or without water vapor. The ion fluence and the partial pressure of water vapor was 1×1016 ions/cm2, 
and 1.3×10-3 Pa, respectively. Va was varied between 3 and 20 kV. In the case of Ar-GCIB irradiation without water 
vapor, etching depth increases in proportion to Va. The etching threshold exists around Va of 3 kV. On the other 
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hand, those with water vapor showed almost two times higher etching depth than those without it. Adsorption of 
water on PMMA and reaction enhancement with Ar-GCIB may cause etching enhancement.  
Fig. 2. Acceleration voltage dependence of etching depth of PMMA by Ar-GCIB irradiation with or without water vapor 
The chemical bonds of PMMA after Ar-GCIB irradiation with or without water vapor were also characterized 
with an in-situ XPS analysis. Ar-GCIB irradiations with Va of 5, 10 and 20 kV were carried out with or without 
water vapor (1.3×10-5 Pa). The ion fluence was 1×1014 ions/cm2. The peak separations for C-C (285.0 eV), C-O 
(286.5 eV) and O-C=O (288.8 eV) were performed for each XPS, and the change of peak intensity (%) from the 
virgin PMMA was obtained.  
Fig. 3. Acceleration voltage dependence of etching depth of PMMA by Ar-GCIB with or without water vapor 
Figure 3 shows variation of each peak in XPS after irradiation of Ar-GCIB with or without water. In the case of 
Ar-GCIB alone, intensity of C-C peak increased by 25 % with the acceleration voltage. C-O and O-C=O peak 
intensity decreased by almost 20- 40%. However, when Ar-GCIB irradiation was carried out with water vapor, the 
change of peak intensities stayed below +- 10% even at high acceleration voltages. Since the etching rate becomes 
high with water vapor, the damaged layer will be etched, and as a result, the change of XPS becomes minimal. 
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3.2. Etching of Cu by O2-GCIB with acetic acid vapor 
Next, Cu etching with acetic acid vapor during GCIB irradiation was investigated. It has been reported that CuO 
can be removed by using organic acid vapor [11-14]. However, this process requires high temperature (>150 °C). 
For Cu etching, we used the following chemical reactions. 
CuO + 2CH3COOH   ->   Cu(CH3COO)2  + H2O 
This chemical reaction occurs when CuO with acetic acid is heated. Also, the reaction products Cu(CH3COO)2 is 
not volatile material. We suppose that transient and local heating effects of GCIB bombardments helps to promote 
chemical reactions and desorption of etching products.  
Figure 4 shows the Va dependence of etching depth of Cu by O2-GCIB with or without acetic acid gas. Results 
with Ar-GCIB and O2+ irradiations were also shown. Va was varied between 5 and 20 kV, and the ion fluence was 
fixed at 1 × 1016 ions/cm2. Partial pressure of acetic acid was 5.3×10-3 Pa. In the case of physical sputtering with Ar 
or O2-GCIB, the threshold energy of sputtering for various materials is about 5 kV. Thus, there is almost no etching 
of Cu at Va of 5 kV without acetic acid gas. In contrast, Cu was etched 19 nm in depth by O2-GCIB with acetic acid 
vapor at the same Va. In the case of Ar-GCIB or O2+, the etching depth did not change regardless whether acetic acid 
was introduced or not. From CuO thickness measurements, CuO thickness increased with the cube root of the 
acceleration voltage (4.6 nm (5 kV), 6.0 nm (10 kV), and 8.7 nm (20 kV), respectively). When acetic acid vapor was 
supplied, the etching depth dependence on acceleration voltage showed exactly the same tendencies as that of CuO 
thickness. This result indicates that the etching depth of Cu depends on the CuO thickness formed by O2-GCIB 
irradiation. Enhancement factor, which is defined as the ratio of the etching depth of Cu by O2-GCIB with acetic 
acid vapor to that by O2-GCIB alone, was 29 at Va of 5 kV and 5 at Va of 20 kV, respectively. Since physical 
sputtering effects increased as the acceleration voltage increased and, as a result, the enhancement factor decreased 
with increasing acceleration voltage. Reactive etching becomes dominant at low acceleration voltage. 
Fig. 4. Acceleration voltage dependence of etching depth of Cu with or without acetic acid vapor 
In order to investigate the surface reaction, the surface compositions and chemical bonding of Cu irradiated using 
O2-GCIB were characterized with in-situ XPS. Figure 5 shows the Cu 2p3/2 XPS after irradiation of O2-GCIB alone 
(a), and irradiation of O2-GCIB with acetic acid at 5.3 × 10-3 Pa (b). Va and ion fluence were 10 kV and 1×1015 
ions/cm2, respectively. After irradiation with O2-GCIB alone, there were Cu or Cu2O, CuO, and Cu(OH)2 peaks at 
binding energies of 932.4, 933.4, and 934.75 eV, respectively [15, 16]. In addition, satellite peaks corresponding to 
CuO were observed at 941 and 943.4 eV, which meant that thick CuO was formed after irradiation of O2-GCIB 
alone. In contrast, after O2-GCIB irradiation with acetic acid, intense peaks corresponding to Cu or Cu2O, and weak 
peaks corresponding to Cu(OH)2 and copper acetate (934.2 eV) were observed [17]. However, the CuO peak (933.4 
eV) was very weak. Although CuO was formed using O2-GCIB irradiation, the CuO reacted with acetic acid and 
formed Cu(CH3COO)2. These reaction products were desorbed by local heating owing to O2-GCIB irradiation even 
0 2 4 6 8 10 12 14 16 18 20 22
0.1
1
10
100
O 2
+
 with/without 
acetic acid
Ar-G C IB  with/without 
acetic acid
O 2-G C IB  with acetic acid
O 2-G C IB  alone
Ion dose: 1x16 ions/cm
2
E
tc
h
in
g
 d
e
p
th
 [
n
m
]
A cceleration voltage [kV ]
560   Noriaki Toyoda and Isao Yamada /  Physics Procedia  66 ( 2015 )  556 – 560 
when the substrate was at an ambient temperature. As a result, very thin CuO was observed after irradiation by O2-
GCIB under acetic acid conditions.  
The etching model can be summarized in figure 5 (right). At first, thin CuO layer was formed by O2-GCIB. 
During O2-GCIB irradiation, acetic acid adsorption also proceeded. Chemical reactions between CuO and acetic 
acid, and desorption of Cu(CH3COO)2 were promoted by the local and transient heating owing to O2-GCIB impact. 
As a result, Cu etching is realized at room temperature and in relatively high vacuum conditions.  
 
 
 
 
 
 
Fig. 5. (left) XPS of Cu irradiated with O2-GCIB with or without acetic 
acid. (right) Etching model of Cu by O2-GCIB with acetic acid vapor 
4. Summary 
In this study, effects of adsorbed residual gas during GCIB irradiations were investigated. So far, chemical 
reaction enhancement by GCIB caused oxidation on target surface in low-vacuum, as a result, ultra high-vacuum 
conditions are required. However, if proper combination of residual gas, target, and GCIB are employed, adsorption 
of residual gas can be used as a method to supply reactive molecules. Low-damage and high-rate etching for metals 
and organic materials were demonstrated. However, this technique can be widely used for various materials, and it 
can enrich the GCIB processes. 
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